Ultrasound generated by means of laser-based photoacoustic principles are in common use today and applications can be found both in biomedical diagnostics, non-destructive testing and materials characterisation. For certain measurement applications it could be beneficial to shape the generated ultrasound regarding spectral properties and temporal profile. To address this, we studied the generation and propagation of laser-induced ultrasound in a planar, layered structure. We derived an analytical expression for the induced pressure wave, including different physical and optical properties of each layer. A Laplace transform approach was employed in analytically solving the resulting set of photoacoustic wave equations. The results correspond to simulations and were compared to experimental results. To enable the comparison between recorded voltage from the experiments and the calculated pressure we employed a system identification procedure based on physical properties of the ultrasonic transducer to convert the calculated acoustic pressure to voltages. We found reasonable agreement between experimentally obtained voltages and the voltages determined from the calculated acoustic pressure, for the samples studied. The system identification procedure was found to be unstable, however, possibly from violations of material isotropy assumptions by film adhesives and coatings in the experiment. The presented analytical model can serve as a basis when addressing the inverse problem of shaping an acoustic pulse from absorption of a laser pulse in a planar layered structure of elastic materials.
Introduction
The use of laser based photoacoustic principles in generation of ultrasound is an efficient way to generate ultrasound pulses of high frequencies and large bandwidths. These properties has been utilised foremost in biomedical imaging and diagnosis [1] but also in e.g. materials characterisation [2] , or non-destructive testing [3] or other engineering applications [4] . The technique rests on absorption of an incident laser light pulse and energy conversion through a thermoelastic process resulting in ultrasonic waves [5] . An objective in earlier studies has been to create a high conversion efficiency situation, i.e. maximizing the ultrasound pulse energy by optimizing the light absorption and energy conversion in the light absorbing layer. This is commonly achieved by opaque light absorbing films or structures as e.g. metal thin films [6] , light absorbing polymer thin films [7, 8] , optically absorbing gold nano structures [9, 10] , or thin layers of carbon nanotube composites [11] .
However, in some applications a desirable feature would be to use a semitransparent layer that partly absorbs and partly transmits the incoming laser radiation. This could be useful in applications where a traditional, pulse-echo technique is used in conjunction with e.g. photoacoustic tomography. In this case the optical absorption is only partial and the possibility appears to construct the absorbent such that the resulting ultrasound is influenced by the physical layout and material properties of the absorbent. Planar, layered absorbents has been studied earlier within the field of photoacostic spectroscopy. Sun and Diebold [12] modelled generation of ultrasonic waves from a photoacoustic source consisting of planar, alternating layers of weakly light-absorbing solid and transparent fluid layers. An amplitude-modulated laser generated acoustic waves at specific resonance frequencies by means of acoustic interference in the layers. In order to shape the resulting ultrasonic pulse, light absorbing or transparent layers may be interleaved with layers having different optical absorption coefficients, thickness's and elastic properties. The stack will then operate basically as a acoustic filter. Hu et al. [13] modelled layers of arbitrary physical properties and calculated the photoacoustic response to sinusoidally modulated heating. A transfer matrix method for calculation of the thermoelastic response of multilayered samples exposed to modulated laser heating was presented by Bozoki et al. [14] .
As a base for ultrasound pulse shaping by a pulsed laser, in present work we model, from fundamental principles and for one light pulse, the transient acoustical pulse generation and transmission in a light-absorbing layer. This layer is consisting of a stack of planar isotropic films, and is surrounded by two material layers that can have different physical properties. A Laplace transform approach is used in solving the set of linear, one-dimensional wave equations describing the transient wave propagation in the three-layer structure. The analytical solutions for pressures are compared to simulations of pressures as well as to experimental transducer voltage values. To facilitate the latter comparison, a system identification process of tranducer characteristics based on physical principles, is employed for estimations of the pressure to voltage transition.
Analytical modelling
We will analytically express laser-induced ultrasound as acoustic pressure p = p i (x, t) in position x at time t in a material layer i. The analysis is based on a model presented by Shan et al. [15] , of a light-absorbing layer within a fluid. energy density at layer leftmost surface θ(t)
Heaviside step function
Present work is an extension that enables the properties of the materials on each of the two sides of the light-absorbing layer to be different. In the presented study we only consider one space dimension of the wave propagation problem. It is assumed, for the photoacoustic 1D wave equation that the material in each layer has isotropic properties and is linearly elastic. We assume that the laser pulse width τ pulse is very short, so that the heat conduction is negligible during τ pulse for thermal confinement, and also so that time τ stress of pressure propagation at sound speed c across a characteristic dimension d c of the heated region as τ stress = d c /c [16] , fulfills the condition τ pulse ≪ τ stress for stress confinement. Further, acoustic attenuation is neglected in each layer.
To model the generation and propagation of laser-induced pressure waves, a photoacoustic wave equation is set up for each material layer i. For descriptions of coming denotations, see table 2.1. The index i numbering of the layers is illustrated in Figure 2 .1, where the index counting starts from the layer closest to the laser source. The boundaries around the light absorbing layer 2 are x = b 1,2 and x = b 2,3 , where 0 ≤ b 1,2 < b 2,3 . The 1D photoacoustic wave equation [16] in layer i = 1, 2, 3 for pressure p i (x, t) is
were the right hand side source term holds the heating function
with light-absorption in layer i = 2. In stress confinement, laser-pulse width is approximated by a delta function δ (t). 5) and boundary conditions
Initial conditions are
are continuity in pressure and interface acceleration across each interface x = b i,i+1 between layer i and i + 1.
The set of i photoacoustic wave equations 2.1, including boundary and initial conditions in equations 2.3 -2.7, are Laplace transformed 8) and solved in the transform plane. General solutions with coefficients C iF (s) and C iB (s) for, in x-direction, forward and backward propagating waves in layer i respectively, are for layer i = 1, 2, 3
(2.9)
where we used that the indirect condition on bounded pressure in x = ±∞ gives C 1F ≡ 0 and C 3B ≡ 0. Material parameters are assembled into
The coefficients C iF (s) and C iB (s) are obtained from an equation system of the two boundary conditions for each of the two boundaries. Of interest for comparison with measurements is pressure wave in layer 3. Corresponding coefficient
14)
The denominator expression 
(2.18) Higher order expansion terms in j D are related to multiple reflections on layer interfaces, in an overlapping manner.
By means of equation 2.18, inverse transformation gives analytical acoustic pressure
where the Heaviside function θ(x − b 2,3 ) specifies the x domain for layer i = 3. Reflection coefficients of waves from layer i = 2 reflected back into layer 2, at interfaces towards layer 1 and 3, are respectively
Terms in equation 2.20 are
The subscripts even and odd refers to the even and odd arguments j arg in 24) denoting number of reflections within layer 2 
Experiments
For comparison with the analytical pressure model, experiments were performed on laser-induced ultrasound in semitransparent light-absorbing planar film stack structures, in which absorption coefficient and layer thickness were varied.
For experimental setup, see figure 3.1. Pulsed laser light is sent from the left in the figure, into a basin with de-ionized and ultra-purified water. The laser light source was a system NL 202/SH from EKSPLA, Lithuania, as a diode pumped, Q-switched, frequency doubled, Nd:YAG laser, of wavelength λ=532 nm, emitting 9 ns pulses of energy about 0.2 mJ/pulse. To avoid excessive heating of the absorbent, the laser beam was expanded from a diameter of 0.8 mm to approximately 8 mm. In the basin we placed a sample consisting of a semi-transparent light-absorbing layer mounted on a 3.15 mm thick glass substrate. As light-absorbing layer we used planar, dyed, non-conductive, semitransparent, Polyethylene Terephthalate (PET) polymer films. To vary the absorbing layer thickness in the samples, films where stacked together in a stack structure of one or more films. The films had a thickness of 50 µm and optical absorption coefficients µ a2 = 11·10 respectively, and were manufactured by Johnson Laminating and Coating Inc., CA, USA.
With an incident laser light pulse on the polymer film structure, laser pulse energy is transitioned to an ultrasonic pulse through a thermoelastic process. The ultrasonic pulse propagates through the film structure, continues into the water-filled basin and is subsequently recorded by an immersed ultrasonic transducer, a broad-band, PVDF based with a centre frequency of 25 MHz, model IA-FM 25.3 by GE Sensing and Inspection Technologies Inc., Germany. The signal from the ultrasonic transducer was amplified by a JSR Ultrasonics DPR500 Dual Pulser/Receiver, JSR Ultrasonics, NY, USA, and then digitised by means of an oscilloscope, a Yokogawa DL9140L, Yokogawa Corp., Japan, sampling at 12.5 GHz with 12 effective bit resolution. During the experiments, water temperature in the basin was 23.1 ± 0.4
For each experimental run, data from 10 individual laser pulses were recorded for subsequent signal processing. The recorded voltage time signal was processed in Matlab, Mathworks Inc., MA, USA. To reduce the influence from noise, the ultrasonic pulses of interest are windowed and by means of Grennberg et al. [18] aligned to reduce the timing jitter, and then averaged. Water Glass PET Laser Ultrasonic transducer 
Simulations and Results
The analytical model was evaluated for cases of physical parameters estimated for our experimental setup. The analytical pressures were compared to simulations from the MATLAB toolbox k-Wave, Treeby et al. [19] . The simulations were performed on initial pressure distributions similar to the photoacoustic source term in the inhomogeneous differential equation 2.1 for the analytical model. This initial pressure distribution was chosen from Gusev et al. [5] 
( 4.1) with Grüneisen parameter
In the analytical model, reflections only at interfaces with the middle number two layer are considered. However, in the simulations an additional layer i = 0 is defined in emulation of the experimental setup of i = 0 water, 1 glass, 2 PET, 3 water. Since the glass layer is acoustically thick in comparison to the PET film layer, acoustic reflections at boundary b 0,1 do not interfere with the ultrasound generated in the PET layer which is of our primary interest for comparisons.
Analytical and simulated photoacoustically generated pressures are illustrated in 
Model of the PVDF transducer
We used the 'grey box' model presented by Shan et al. [28] in modelling our PVDF transducer. Experimental values of the transducer output voltage v(t) were compared to the analytical solutions of the predicted pressure wave p(t).
The voltage output response to pressure input may be described by a secondorder differential equation
where ω, ζ and ǫ are constants. The constants ζ and ω are determined by the mechanical properties of the transducer film and backing material while constant ǫ is dependent on the piezoelectric and dielectric properties of the transducer. The constants are difficult to determine individually for a particular device as their interrelationships are complicated [28] . The parameters can instead be determined by a system identification method comparing experimental measurements and predicted pressure waves. A Z-transform is used on equation 5.1 to derive the recurrence relation between the voltage and pressure
where n is the current sample n=1,. . ., N. The coefficients are functions of ω n , ζ, ǫ and the sampling period τ such that
The least square method (LSM) was applied on equation 5.2 to solve the coefficients K 0 , K 1 and K 2 for a collection of N samples during a sampling period. The relation of the system can be written in matrix form as
where the voltage V is put into a 1×N vector and the other relations in equation 5.2 into a 3 × N matrix denoted Φ such that For an over-determined system the least-square estimate is
where the elements in the vector b can be identified in equation 5.2
about 2 mm, in comparison to the thinner thicknesses of 0.05-0.02 mm used here, which might be a source of differences in the results. Datasets from eleven experimental runs with varied absorption coefficients and absorbing layer thicknesses were compared to corresponding analytical solutions. That is, in the system identification, experimental voltage values were compared to modelled pressures. In table 5.1, the result from the system characterisation is shown. The comparisons were unstable, though, such that when the experimental voltage values were moved just one sample in comparison to the analytical pressure values in the finding of the LS minimum error estimations of b, especially K 0 fluctuated. For amplitude normalisation, the parameter K 0 was scaled. Individual ultrasonic transducer may differ from each other, and also the signal amplification may vary, which both affect K 0 . Figure 5 .1 a single film is used as a light absorbing layer and the simulated and experimentally obtained voltages are seen to correspond quite well. In Figure 5 .2 the number of films are increased to three to make up the light-absorbing layer. Figure 5 .2 in comparison to Figure 5 .1 shows that the correspondence between experimental and simulated voltages are lower for a stack of three films than for the situation with one light absorbing film.
Discussion and Conclusion
The 1D analytical model for heat-induced ultrasound in a light-absorbing layer seems to give pressures consistent with results from simulations. Higher pressure amplitude was indicated for a higher optical absorption coefficient, and longer pressure pulse length indicated for a larger layer structure thickness. The analytical modelling of the photoacoustic wave equation using the Laplace transform approach could easily be expanded into more layers. However this will result in an increasingly complex situation, unless using/finding a calculation tool of a more assistance. Parts of the Laplace transformed solution of the photoacoustic wave equation, identified as periodic by its denominator, were handled by means of geometric series expansion. In solving the photoacoustic wave equation for more than three layers, we suggest nested geometric series expansions for the corresponding Laplace transformed denominator, unless reflections are handled separately or another solution approach is used. The system identification used to model the PVDF transducer, for comparison between analytical pressure received by a certain individual of PVDF transducer and measured voltage values by that transceiver, appeared unstable for our set of measurements and simulations. In the photoacoustic wave equation, stress confinement τ pulse ≪ τ stress is assumed, but the pressure propagation time τ stress through the heated region in present experiments is at its minimum value only about four times larger than the laser pulse-width τ pulse . This could possibly contribute to the difference between analytical model and the experiments via PVDF transducer system identification. Furthermore, the material parameters, see table 4.1, used in the model for our analytical pressures, are tabled values who may differ from the actual physical parameters in our experimental setup. The correspondence between experimental and simulated voltages seems lower for a stack of three films than for the situation with one light absorbing film. The presence of a thin adhesive and/or a coating layer could violate the assumption of material isotropy of the absorber and would affect the photoacoustic wave generation and propagation. Such additional layers could be included in the model by expanding the analytical pressure model into more layers. However, information on each layer's physical properties is needed to accurately model these additional layers.
Note that higher-dimension effects from e.g. waves in radial direction are not included in the analytical 1D model, but would be a part of the experimental voltage measurements.
